ABSTRACT Male Metamasius spinolae (Gylh.) produce several volatile compounds that are likely constituents of its aggregation pheromone. These compounds were identiÞed by volatile collections and gas chromatography (GC), followed by coupled gas chromatography-mass spectrometry (GC-MS), as 2-methyl-4-heptanone [1], 6-methyl-2hepten-4-one [2], and 2-hydroxy-2-methyl-4-heptanone [3]. Preliminary Þeld experiments using synthetic racemates of these compounds showed that signiÞcantly more adult cactus weevils were caught in traps baited with the major single compound three or the 2 ϩ 3 binary combination than in unbaited control traps. However, highest trap efÞcacy occurred with the 1 ϩ 2 binary combination and a blend of all three synthetic compounds plus prickly pear. Potential uses for the cactus weevil pheromone and possible ways to increase trap captures are discussed.
In Mexico, the prickly pear, Opuntia spp., is a very important plant considering its wide geographical distribution in semiarid and arid regions where few crops can be cultivated. In addition to their ecological role preventing soil erosion, Opuntia plants also constitute a valuable economic resource for peasants and farmers (Vigueras and Portillo 2001) . Commercial production of prickly pear in Mexico includes food for livestock, fruit and vegetables for human consumption, and dye production (Flores 1997) .
The cactus weevil, Metamasius (ϭCactophagus) spinolae (Gylh.) (Coleoptera: Curculionidae), is a limiting factor in the commercial production of prickly pear, Opuntia ficus indica L., in Mexico (Granados and Castañ eda 1991) . Adult cactus weevils feed on the margins of young pads and lay their eggs inside pads. Larval feeding and pupation occur inside the pads and hollow stems of the prickly pear. Because cactus weevil larvae and pupae are protected in the hollow stem of the plant throughout the winter, insecticide treatments must be directed against emerging adults from May to September. Insecticides used to control this pest include products such as malathion, ethyl parathion, and methyl parathion (Badii and Flores 2001) . Although these organophosphate insecticides are effective, we were interested in identifying attractants that can be used for monitoring adult emergence, so that insecticide use can be optimized.
Males of many species of Curculionidae produce pheromones that mediate colonization of susceptible host plants (for review, see Bartelt 1999) . The use of pheromones in association with host volatiles has led to the development of mass trapping as a control tactic for several weevil species (Ramirez-Lucas et al. 1996 , Piñ ero et al. 2001 , Alpizar et al. 2002 . In the case of cactus weevil, a previous study showed that males produce a pheromone that is attractive to both sexes (Tafoya et al. 2003) , but the identity of the compounds responsible for this attraction was unknown. Here we report the isolation and identiÞcation of a male-produced aggregation pheromone in M. spinolae and the response of adult insects to the synthesized pheromone in the Þeld.
Materials and Methods
Insects and Volatile Collections. Metamasius spinolae adults of unknown age and mating status were collected from commercial cactus plantations in Morelos, Mexico, from June to August in 2001 and 2002. They were sexed, held separately in screen cages (32 by 32 by 32 cm), fed with fresh cactus, and maintained at 23 Ϯ 1ЊC, 33 Ϯ 5% RH, and a photoperiod of 12:12 L:D.
The volatile collection chamber consisted of a Pyrex gas wash bottle, 39 (height) by 6.4 cm (outside diameter), which was connected to a push-air system (500 ml/min). The incoming air was puriÞed by passing through an activated-charcoal Þlter. Volatiles emitted by adult weevils (15 males or females) were trapped on 0.2 g of Super-Q (80/100 mesh; Alltech Assoc., DeerÞeld, IL) and collected daily during the last 6 h of photophase in a room maintained at 21 Ϯ 2ЊC and 44 Ϯ 3% RH. Volatiles from all aerations were eluted separately from the adsorbent using 2 ml of highperformance liquid chromatography (HPLC) grade hexane (Baker, Mexico City, Mexico) and concentrated to 50 l under nitrogen ßow.
Analysis of Volatiles. Super Q-trapped volatiles were analyzed by gas chromatography (GC) and GCmass spectrometry (GC-MS). GC analyses were conducted on a HewlettÐPackard (HP) model 5890, equipped with a ßame ionization detector (280ЊC) and a splitless capillary injector (250ЊC). GC conditions were as follows: 1 min at 70ЊC, from 70 to 180ЊC at 5ЊC/min, and held at 180ЊC for 10 min. Nitrogen was used as the carrier gas (9.5 psi). GC-MS analyses were performed on a HewlettÐPackard model 6890 chromatograph linked to a HP 5973 quadrupole MS. The chromatograph was equipped with a ßame ionization detector and split-splitless capillary injectors. Spectral data were obtained in electron impact (IE) at 70 eV. The temperature program was the same as in the GC analysis, and helium was used as the carrier gas. Both the GC and the GC-MS were equipped with a nonpolar column: HP 5MS fused silica column (WCOT 30 m by 0.25 ID) and a polar column: fused silica Wax-10 (30 m by 0.32 mm ID; Supelco, Bellafonte, PA). The identiÞcation of the three compounds was based on EI mass spectrum correspondence between natural extracts and commercial or laboratory-synthesized reference compounds (purity 90 Ð99%, GC). For all samples, the compound identity was conÞrmed by retention time correspondence between weevil-produced extracts and synthesized standards.
Chemicals and Synthesis. Compounds used in the Þeld test were either obtained from commercial sources or were synthesized in the laboratory. 2-Methyl-4-heptanone was obtained from Sigma-Aldrich (St. Louis, MO). 6-Methyl-2-hepten-4-one was prepared by adding Jones reagent to the correspondent alcohol 6-methyl-2-hepten-4-ol (Mori and Ishigami 1992) . The synthesis of 2-hydroxy-2-methyl-4-heptanone was done following the procedure of Gaudemar- Bardone and Gaudemar (1976) . A 1.4-g (0.2 mol) lithium wire was added to 36.5 (0.21 mol) hexamethylphosphoramide (HMPA), with 40 ml benzene and 35.4 ml (0.21 mol) n-dibutylamine. The reaction was cooled to 30ЊC by water/ice bath. The mixture was stirred for 2.5 h, after which 100 ml ethyl ether was added, and the mixture was cooled to Ϫ78ЊC using liquid nitrogen. A solution of 2-pentanone (21.5 ml, 0.2 mol) in ethyl ether (20 ml) was added dropwise over 45 min. Acetone (14.7 ml, 0.2 mol) was added after 15 min. The mixture was stirred for 2.5 h at Ϫ78ЊC. The reaction was quenched with 300 ml ice cold water/200 ml ether/30 g H 2 SO 4 . The aqueous phase was extracted twice with 100 ml ethyl ether. The organic phases were combined and washed with saturated NaCl solution. The aqueous solution was discarded, and the organic phase was dried over 20 g MgSO 4 placed in a funnel with a glass wool plug. The organic phase was concentrated at ambient temperature in a rotary evaporator. The resultant oil obtained was 21.5 g. The oil was distilled, and a colorless oil of 17.6 g was obtained. This synthesis generated a minor contaminant byproduct. To separate the extract from the by-product, silica gel thin-layer chromatography was performed. Elution with 10% ethyl acetate/hexane (vol:vol) produced the desired product of 2-hydroxy-2-methyl-4-heptanone (11.1 g). The synthesis was 38% efÞcient.
Field Experiment. The Þeld test was conducted in a 10-yr-old prickly pear plantation free of pesticide applications in Morelos, Mexico, during August and September 2002. Pitfall traps were used to test attraction of weevils to synthesized standards. Traps consisted of 2-liter plastic buckets (15 cm diameter, 14 cm high) with four rectangular entries (1 by 3 cm) 5 cm from the top. In each bucket, several holes (5 mm diameter) were drilled at ϳ5 cm from the bottom to drain water. When placed in the Þeld, the bottom of each bucket was ßooded with a detergent solution (1%). The internal surface of each trap was covered with a Þne layer of petroleum jelly. Weevils entering the traps could not escape and were trapped in the soapy water. Traps were placed on the ground in contact with prickly pear plant and arranged in a randomized complete block design with four replicates. Each treatment was placed 10 m apart within one block, and each block was separated by 100 m.
There were a total of eight odor sources and empty traps as control. The Þrst three treatments included each single compound plus prickly pear (10 g freshly cut stems). The following treatments were the three possible binary combinations plus prickly pear. The last two treatments were the tertiary combination plus prickly pear and prickly pear alone. Although all identiÞed compounds were chiral in our Þeld test, only racemates were synthesized and tested. Chemical standards were contained in red rubber septum dispensers (Tré cé , Salinas, CA) attached with a pin to prickly pear. Prickly pear was suspended from a wire grid (2.5 cm mesh) and placed in the center of the trap. For all the odor sources, each rubber septum contained 1 l load of each chemical standard. Every 3 d, weevils were counted and sexed. At this time, lures were replaced, and treatments were rerandomized within each block. The numbers of weevils caught per trap were taken as sampling units for statistical analysis. Data were subjected to analysis of variance (ANOVA) and the Fisher protected least signiÞcant difference (LSD) on the transformed variable by the square root of x ϩ 0.5 (Sokal and Rohlf 1995) to compare the treatments of Þeld test. Deviation of the sex ratio from 1:1 was performed using the nonpaired StudentÕs t-test. SigniÞcant levels were set at 0.05% for all analyses, which were conducted using the software program Sigma Stat (ver. 2.03; Jandel, San Rafael, CA).
Results
Chemical Identification. A comparison of the GC proÞles of volatile collections of males and females revealed that the males produced volatile compounds that were not emitted by females. Three major malespeciÞc compounds were found to correspond to open chain ketones designated 1Ð3 (Fig. 1) . Analytical results supporting these identiÞcations are given in the following paragraphs.
2-methyl-4-heptanone (1).
Peak one revealed a molecular ion at m/z 128. The molecular formula for the peak found is C 8 H 16 O. The fragment ion m/z 113 represents fragmentation of intermediate methyl groups of the linear chain. The ion base peak in mass spectra is m/z 57, which represents a loss of 71 with the carbonyl carbon group (C ϭ O) remaining with the 71. The additional peaks m/z 43 and 85 fragmented again at the carbonyl carbon, but this time, the carbonyl carbon is in the 85 fragment. The mass spectra were compared with NIST Mass Spectral library with Ͼ90% match. The fragmentation pattern and similar mass spectra library matches conÞrm the ketone as a male-produced compound. This is the minor compound produced by males.
6-methyl-2hepten-4-one (2). For this compound, molecular ion m/z 126 is (C 8 H 14 O) weak. The ion base peak in mass spectra is m/z of 69, which represents a loss of 57, with the carbonyl carbon remaining with the 69. The fragment ion m/z 111 represents fragmentation of a methyl groups from the molecular parent. Ion m/z 84 includes the carbonyl carbon with a remaining group of 41. The double bond at carbon 2 is evident in the ions m/z 69 and 41, showing unsaturation of the carbon. The fragmentation pattern allowed us to identify this compound as 6-methyl-2hepten-4-one.
2-hydroxy-2-methyl-4-heptanone (3).
This was the major male-produced compound, and its identiÞca-tion is reported here for the Þrst time. EI-MS analysis of this compound did not reveal an obvious molecular ion of 144 (C 8 H 16 O 2 ); however, ion at m/z 129 represents the Þrst fragmentation of a methyl group. The presence of the ion at m/z 101 support a carbonyl group at C 4 with ion at m/z 86 representing a methyl loss from 101. Ion m/z 71 is the fragment breaking at the carbonyl carbon and retaining the carbonyl carbon. A synthetic standard 2-hydroxy-2-methyl-4-heptanone was injected under the same analytical conditions as the major male-produced compound and had identical retention times and mass spectra, which conÞrmed the structure of 2-hydroxy-2-methyl-4-heptanone. Field Test. Traps baited with combinations of synthetic compounds and prickly pear resulted in higher weevils catches than unbaited traps (F ϭ 2.09; df ϭ 8; P ϭ 0.04). The number of weevils caught by traps baited with compounds 1 and 2 alone or the 1 ϩ 3 binary combination plus prickly pear was statistically equivalent to unbaited traps or those baited with only prickly pear (Fig. 2) . However, the traps baited with the single compound 3 and the traps baited with the 2 ϩ 3 binary blend plus prickly pear captured significantly more cactus weevils than the unbaited traps (P Ͻ 0.05; LSD test). Higher catches occurred with the 1 ϩ 2 binary combination and the tertiary blend plus prickly pear (Fig. 2) . The sex ratio (female:male) of the weevils caught in the traps was 0.7:1, which was not signiÞcantly different from a 1:1 ratio (P ϭ 0.214; StudentЈs t-test).
Discussion
Comparisons of the GC chromatograms of male and female volatiles revealed three sex-speciÞc peaks in males (Fig. 1) . GC and GC-MS analysis of the natural extracts from male weevils support the conclusion that the three main compounds of volatile collections of M. spinole males were 2-methyl-4-heptanone, 6-methyl-2-hepten-4-one and 2-hydroxy-2-methyl-4-heptanone in order of increasing abundance. The compound 2-methyl-4-heptanone has been reported as a "spacing" element of the alcohol pheromonal components of Metamasius hemipterus sericeus (Oliv.) (Perez et al. 1997) . It was also shown to be signiÞcantly attractive and a likely component of the aggregation pheromone of Scyphophorus acupuntatus (Gylh.) (Ruiz-Montiel 2003) . To our knowledge, the compounds 6-methyl2hepten-4-one and 2-hydroxy-2-methyl-4-heptanone have not been previously identiÞed in insects. The compound 6-methyl-2-hepten-4-one is the correspondent ketone of "rhynchophorol," the major component of the aggregation pheromone of Rhynchophorus palmarum L. (Rochat et al. 1991) . The compound 2-hydroxy-2-methyl-4-heptanone belongs to a structural group with an ␣-methyl-hydroxyl pattern. It is closely related to previously reported pheromones, such as 5-hydroxy-4-methyl-3-heptanone identiÞed in Sitophilus zeamaiz Motschylsky and S. oryzae L. (Phillips et al. 1985) . Thus, the pheromone compounds reported here represent a structural relationship in concordance with the taxonomy of the subfamily Rhynchophorinae. In this family, the majority of reported pheromones are linear chains of various sizes, apparently of fatty acid origin, produced by males and usually attractive to both sexes (Bartelt 1999) .
The Þeld results support preliminary results in which male-speciÞc volatiles were attractive to adult cactus weevils, whereas host plant volatiles alone were not attractive (Tafoya et al. 2003) . Major compound 3 acted as an aggregation pheromone when tested by itself. Compound 2 alone was not attractive, but in combination with compounds 1 or 3, it attracted signiÞcant numbers of weevils. The low catches in traps with the 1 ϩ 3 binary combination suggests that compound 2 is an important synergist compound. Highest captures occurred with 1 ϩ 2 binary combination and all three compounds plus prickly pear. However, signiÞcantly more females were caught in the latter combination compared with the 1 ϩ 2 binary combination. The sex ratio (female:male) was 1:0.71 in traps with the three compounds compared with 0.1:1 in traps with the 1 ϩ 2 binary combination (unpublished results). Trapping females could be a more convenient strategy to reduce populations, so that the tertiary combination is more effective for mass trapping purposes. In our study, the small number of weevils captured could either be caused by the short Þeld experimental period, the small quantity of chemical compounds in the pheromone dispensers, or decreasing natural population densities during the end of the rainy season. Additional Þeld work will focus to improve the attractive capacity of the identiÞed male volatile compounds of M. spinolae and incorporate male or female compounds that were not included in our current chemical analysis. Although racemic blends used in our study suggest no evident inhibitory effect, further study is needed to determine whether traps baited with natural stereoisomers would increase attractiveness. The identiÞcation of an aggregation pheromone produced by M. spinolae males is an important step toward understanding the chemical ecology of this insect. In addition, synthetic pheromones combined with plant-based volatiles could be used for the development of an effective monitoring system for the cactus weevil. , and 2-hydroxy-2-methyl-4-heptanone [3] . Treatments followed by the same letter had medians that were not signiÞcantly different from the control, according to StudentÕs t-test (P Ͻ 0.05).
